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A Statement of the Problem Studied

The overall aim of our research program is to develop melt-processable molecular composites and to
investigate their mechanical behavior. In these composites, rigid-rod molecules, which serve as a
reinforcer, are well dispersed in a flexible-coil matrix polymer due to strong ionic interactions between
the components. In this new type of composite material, mechanical properties are effectively enhanced
by a very small addition of reinforcers.

A Summary of the Most Important Results

Since technical materials were reported in the interim progress reports, only a summary of the most
important results are given. We have studied the deformation/fracture behavior of the molecular
composites and have found significant enhancement in the mechanical properties of the matrix polymers
upon addition of small amounts (several wt%) of reinforcing polymer. As a reinforcer, we have prepared
PPTA (or Kevlar) with various ionic groups, ion content, and counterions.

1. Molecular composites made of ionic Kevlar and an amorphous polymer

We have found that homogeneous molecular composites were successfully produced by using ionic
interactions between the components and that these composites are melt-processable. We have also
found that shear deformation is induced in the matrix polymer, poly(4-vinylpyridine)(PVP), which
deforms only by crazing without reinforcers. Such a change usually implies an enhancement in fracture
properties of polymers; e.g., 5 % addition of PPTA leads to a 70 % higher stiffness and a 46 % higher
strength; and more importantly, a 200 % increase in toughness is noted. This is due to suppression of
crazing in favor of shear deformation, which prevents premature failure of PVP.

These are the first cases where a deformation mode change in molecular composites has been
demonstrated upon addition of rod molecules, to the best of our knowledge. We reason that these
deformation mode changes are caused by an enhanced effective "entanglement" (strand) density: both
ionic cross-links and physical entanglements between rod and coil molecules contribute to an increase in
the strand density.

These molecular (or microscopic) level interactions between reinforcer and matrix polymer molecules
is indeed characteristic to molecular composites via ionic bonds. This is in contrast to macro-fiber
composites, where interactions between reinforcing fibers and matrix polymer occur only at the fiber-
matrix interface during load transfer; there is no influence by fibers on the deformation mode of the
matrix polymer.

2. Molecular composites made of ionic Kevlar and a crystalline polymer

To develop more ductile molecular composites, a crystalline polymer is used as a matrix pélymer.
Poly(ethylene oxide)(PEO) is chosen for that purpose. These composites show good miscibility up to
6% ionic Kevlar content.

We have found that the mechanical properties are significantly enhanced. In the molecular
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composites made of low molecular weight PEO, in which large spherulites are formed, brittle fracture is
noted. This is due to easy crack propagation through weak inter-spherulite boundaries. It appears that
ionic Kevlar reinforces the weak boundaries and enhances the mechanical properties: for example, an
addition of 2% of ionic Kevlar into PEO leads to 15% increase in stiffness; 92% increase in strength;
and 300% increase in toughness. We have also observed a 100% increase in fracture toughness in PEO
upon addition of 2 % ionic Kevlar.

By contrast, in the composites made of high molecular weight PEO, in which smaller spherulites are
formed, ductile behavior is noted. In this case, ionic Kevlar increases both stiffness and strength by
reinforcing the amorphous phase of PEO; ductility reduces moderately, but overall energy to fracture
(or toughness) is slightly increased.

While the molecular composite made of a crystalline polymer is more complex than that of an
amorphous polymer, this also means that there are more variables to control morphology and their
mechanical properties. Therefore, there are more opportunities for tailor-making molecular composite
materials with various mechanical properties, ranging from strong/brittle to ductile.

3. Molecular composites made of ionic Kevlar and an elastomeric polymer

Although advanced mechanical applications may not be possible, we have also made the composite
made from a matrix polymer which is very soft and rubbery. For that purpose, we used poly(propylene
oxide)(PPrO), which is amorphous and rubbery at ambient temperature. We have found that, due to an
incorporation of a strong/stiff reinforcing polymer, Kevlar, a dramatic increase in mechanical properties
is achieved: for example, upon addition of 10 % of ionic Kevlar, tensile strength increases by 600%,
tensile modulus by 1100%, and toughness (which is rather large for PPrO) is unchanged. These results
clearly illustrate the significant effectiveness of molecular reinforcement by ionic Kevlar.

4. High Kevlar composites

As an extension of the molecular composite work, we have also developed composites in which a
high percentage of (ionic) Kevlar molecules are incorporated, for example, 80-95 %. We have found that,
although Kevlar itself is not melt-processable, when ionic Kevlar is mixed with PVP that has a relatively
low softening temperature (160 ©C), the resulting material can be compression molded into three-
dimensional structures. This is because ionic Kevlar is compatible with and dispersed in PVP that can
soften and flow by heating, making the entire material processable under heat and pressure. Obviously,
an unmodified Kevlar/PVP blend is not melt-processable: a mixed sample remains a powder even after
applying heat and pressure. Therefore, ionic modification of Kevlar and resulting compatibility with a
melt-processable thermoplastic polymer (e.g., PVP) are the key to the success of fabricating Kevlar-rich
materials into three-dimensional structures. This is interesting because Kevlar is not melt-processable
and only made in fiber/film forms. If melt-processable Kevlar is realized, various applications in three-
dimensional forms will be possible.

Overall

The mechanical behavior of molecular composites made from an amorphous polymer is unique in
that not only stiffness and strength but ductility is enhanced. This is because crazing is suppressed in




favor of shear deformation due to molecular level interactions between ionic rod and coil molecules; a
condition not seen for conventional macro-fiber composites. The mechanical behavior of molecular
composites made from a ductile, crystalline polymer indicates that both stiffness and strength can be
significantly enhanced without losing toughness upon small addition of ionic Kevlar (only several %). A
most dramatic change in mechanical properties is seen for the composite made from a soft, rubbery
matrix polymer. Since strong/stiff reinforcing molecules (ionic Kevlar) are dispersed, very effective
reinforcement is achieved.

Our work has clearly demonstrated the usefulness of ionic interactions in creating molecular
composites. Many engineering polymers are polar polymers having ionic dipoles, thus, many molecular
composites can be created by combining ionic Kevlar with various polar polymers. In addition, since
these molecular composite materials are melt-processable, unlike most molecular composites developed
elsewhere to date, conventional methods, such as injection molding, can be used to mass-produce these
materials, therefore, the technological impact could be significant.
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